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I. 
The writer has shown in earlier papers1 that a pure solution 
of NaCl of that concentration in which this salt occurs in sea 
water kills the newly fertilized eggs of the marine fish Fundulus 
so rapidly that they are unable to form an embryo, and that the 
addition of a small amount of certain salts with a bivalent metal 
(e.g., Mg, Ca, Sr, Ba, Pb, Zn, Mn, Co, etc.) prevents this injurious 
action of NaCl. That this result could not be explained on the 
assumption that the egg needs Mg or Ca or Zn for its develop- 
ment was proven by the fact that in twice distilled water the 
same eggs not only can develop perfectly normally, but that the 
young fish can hatch and live. The only inference was that the 
pure NaCl solution in that concentration in which it is contained 
in the sea water injures the egg, while the addition of CaC12 (or 
the other salts with a bivalent cation) prevent’s this injurious 
action. 
In order to explain the latter result and the antagonistic effect 
of CaC12, the writer suggested in 19052 that the NaCl, in a suffi- 
ciently high concentration, rendered the membrane of the egg 
which was normally impermeable to NaCl (and other salts) per- 
meable for salts, and that the addition of CaC12 prevented this 
injurious effect of NaCl and preserved the normal imperme- 
1 Amer. Journ. of Physiol., iii, p. 327, 1900; vi, p. 411. 1902; Arch. f. d. 
ges. Physiol., lxxxviii, p. 68, 1901; Loeb and Gies: ibid., xciii, p. 246, 1902. 
? Arch. j. d. ges. Physiol., cvii, p. 252, 1905. 
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ability of the membrane.3 The following simple experiment 
seems to support this view. If we put the eggs of Fundulus 
(about three days after fertilization) into a test-tube filled with 
a 3 M solution of NaCl, the eggs will float at first but sink after 
about three to six hours. In a -‘# M solution of CaClz they 
will float for about half an hour. But if we put the eggs into 
a mixture of 50 cc. 3 M NaCl + 1 cc. -y- M CaClz they will float three 
days or more.4 The interpretation of this experiment seems to be 
as follows: The membrane of the egg of Fundulus is impermeable 
for water as well as for salts, and since the interior of the egg con- 
tains a liquid of a considerably lower specific gravity than that of a 
3 M solution of NaCl or of a-‘; M solution of CaC12, the egg will float 
in such solutions and will continue to do so as long as these solutions 
cannot enter the egg; that is to say, as long as the membrane is 
entirely or nearly intact. When exposed to a 3 M solution of NaCl 
or to a -‘$ M solution of CaC&, each one of these solutions will in 
a short time alter the membrane of the egg, the CaClz more rapidly 
than the NaC1, so that the membrane loses its impermeability to 
salt’s. The outside solution now diffuses into the egg, whereby 
the specific gravity of the egg increases and it sinks. The addi- 
tion of a small amount of CaC& to the 3 M NaCl solution prevents 
or retards this destructive action of the salt upon the membrane. 
The next question which presents itself is: How does the addi- 
tion of a small amount of CaC& inhibit the injurious action of the 
pure solution of NaCl upon the membrane? The writer had 
found that bivalent (or polyvalent) cations had an antagonistic 
action upon the various salts with monovalent cations, while the 
bivalent or polyvalent anions had no antagonistic effect,and he 
called attention to the analogy of this observation with the effect 
of ions upon the precipitation of colloids. Negatively charged 
colloids can be precipitated by cations but not by anions, 
and the precipitating efficiency of the bivalent cations is consider- 
* A. P. Mathews suggested in the same year the opposite view; namely, 
that the membrane is impermeable for a pure NaCl solution, while the addi- 
tion of CaClz renders it permeable. He explains the death of the egg in 
a pure NaCl solution as due to the loss of water on the part of the egg caused 
by the hypertonic character of the solution (A. P. Mathews: Amer. Journ. 
oj Physiol., xii, p. 419, 1905). As a matter of fact, however, a : solution 
of XaCl is not hypertonic for the egg of Fundulus; and, moreover, the mem- 
brane of the egg is impermeable for water. 
4 Loeb: Biochem. Zeitschr., xlvii, p. 127, 1912. 
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ably greater than that of the monovalent cations. We might then 
expect that the salts influence a colloid in the egg membrane, and 
this inference seems to be in agreement with all the facts. 
A further tentative assumption was that the two oppositely 
charged ions influence the colloid of the membrane in an opposite 
sense. If, therefore, a trace of a salt with a bivalent metal like 
CaCL renders a salt with a monovalent metal like NaCl harmless, 
then on this assumption the injurious action of NaCl was 
due to the Cl ion, and the corrective effect to the Ca ion. 
Such an assumption was made by the writer as well as by A. P. 
Mathews.5 But there were facts which it was impossible to recon- 
cile with such a view, as, for instance, that there was some antago- 
nism between SrC& and MgC12.6 In each of these salts the effect 
of the cations prevails to such an extent over that of the anion that 
their antagonism can not be explained on the assumption that it 
is based on the action of the oppositely charged ions. This and 
other facts induced the writer to question the correctness of the 
view that antagonistic salt action is due to an antagonism between 
oppositely charged ions, and he has recently been able to show 
that the toxicity of NaBr, Na$O,, NaN03, and other sodium salts 
for the adult fish of Funclulus can be abolished through the addi- 
tion of NaCl, and other chlorides, but not by other sodium salts.’ 
In this case, there could be no doubt that the toxic effects of cer- 
tain anions could be counteracted through the addition of another 
anion; namely, Cl. It was also found that this effect was specific, 
since no other anion but Cl acted in this way. 
This and similar facts suggested to the writer a different explana- 
tion of antagonistic salt action, which may be briefly designated 
as the idea that the mixture of NaCl + KC1 + CaC12, in the 
right proportion and concentration, has a specific membrane- 
forming or membrane-preserving effect upon all cells; while solu- 
tions different from this mixture have a destructive effect which is 
the higher, the higher its concentration and the more the solution 
deviates from the mixture NaCl + KC1 + CaCL. 
However, these experiments had not been made on the eggs of 
Fund&us, which are the most favorable object for experiments on 
5 Loeb: Amer. Journ. of Physiol., vi, p. 411, 1902; Mathews: ibid, xi, p. 
455, 1904. 
6 Loeb: Zoc. cit. 
7 Biochem. Zeitschr., xliii, p. 181, 1912. 
434 Antagonistic Action of Salts 
the antagonistic action of salts. It seemed, therefore, necessary 
to find out whether there is any evidence in support of the view 
that antagonistic salt action in the case of the eggs of Fundulus 
is due to an antagonism between oppositely charged ions. 
II. 
In the new experiments we shall have to make use of a determina- 
tion of that concentration of the chlorides of the alkaline metals 
and the metals of the alkaline earths which is just sufficient to 
prevent the formation of an embryo. Distilled water is, as we 
stated, harmless for these eggs and so are the solutions of any 
salt below a certain limit; that means in such solutions all the 
eggs can form embryos. Above that limit, the percentage of eggs 
which can form embryos becomes smaller and smaller until finally 
a concentration is reached at which no egg is able to form an 
embryo. We call this limit the toxic concentration. 
TABLE I 
Toxic concentrations of chlorides. 
1 
I 
LiCl. . . . . . . >a M 1 Be&. . . _ . . . . . . ? *z1 
<& If 
NaCl.................... ;+ M / MgCln.. . . . . . . . . . :ij iv 
KCl. . . . . 
{ 
‘fiBI 1 CaCl* . . . . . . . . . . . . . . . . . . 
i 
>& iv 
<?+nf / 3 L <& nf 
RbCl . . . . 
1 
>;tj M , S&l,. . . . . . . 
i 
>:$ M 
<;: 111 <f; M 
CsCl . . . . . . . . . . . . . 
{ 
>:4 M i <1L ll! I BaC12.. . . . . . . . . . . . . . 
i 
>& n1 
.3 2 < -& M 
* BeClz forms strongly acid solutions which kill the egg8 in very low concantratlons. The 
toxic agent in this cast is, however, the acid and not the BeClz. 
If the antagonistic action of two salts is due to an antagonism 
between the ions of opposite sign, we are compelled to assume that 
such an antagonism exists also between the oppositely charged 
ions of the same salt; e.g., between Na+ and Cl-in the case of NaCl. 
On the basis of that assumption we should conclude that the two 
opposite ions balance each other better in a KC1 or RbCl solution 
than in a solution of LiCl or NaCl, since Table I shows that the 
former are less toxic than the latter. This fact might be intelli- 
gible on the assumption that Cl is the toxic ion since K and Rb 
are more electropositive than Li and Na. Yet it can be shown 
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that the difference of toxicity between the various chlorides can 
not be explained on the assumption of an antagonism between 
the oppositely charged ions of the same salt. 
The writer had shown in his previous researches that if NaCl 
(or any other of the chlorides of this series) reaches a toxic concen- 
tration, the addition of a trace of CaClz (or of many other salts 
with a bivalent metal) may render the solution harmless. On 
the assumption of an antagonism between the oppositely charged 
ions and of the toxicity of the anion, this would mean that the 
toxic action of Cl is incompletely balanced by the ions of Li, Na, 
et,c., and that the trace of Mg, Ca, etc., is required to counteract 
the excessive action of the Cl ions. It would, moreover, be 
necessary to assume that this excess of the action of Cl would be- 
come greater the higher the concentration of the solution, since 
with increasing concentration of a salt its toxicity increases. It’ 
would follow from this, that through the addition of CaC& it might 
be possible to produce embryos in a relatively higher concentration 
of KC1 and RbCl than of NaCl or LiCI, since the former salts are 
less t,oxic,---which in the terms of our assumption would mean 
better balanced in regard to the oppositely charged ions. It was 
first ascertained that through the addition of 1 cc. y CaC& to 50 cc. 
of a toxic concentration of LiCI, NaCI, etc., the maximum number 
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The experiment with CsCl was not repeated and must there- 
fore be left out of consideration. 
It is obvious that the maximal concentration in which eggs 
can still form embryos is highest in the case of NaCI, where it is 
? ‘;M. which is enormous. (It may be mentioned incidentally 
that this would be inconceivable if the eggs were permeable for a 
mixture of NaCl + CaC12, as Mathews assumes, since the fish after 
hatching cannot live in a solution above i or possibly TM of NaCl 
+ CaCh.) 
If we compare the toxic limit of these salts with and without 
the addition of CaC12, we find the increase due to CaClz as follows: 
TABLE III. 
-- -_.__ ~____ - 
I 
TOSIC LIM\IIT 
LiCl.. . . . . . . . . . . . j fg M ;. M 400 
NaCl, . . . . . . . . . . . . . :I M > I$ w j 350 
KCI. . . . . . . . . ;t 34 {M 1 50 
RbCl . . . . . . . . . . . . . . -j$ M 0 $11 I 50 
I--~_ 
If the toxicity of LiCl, NaCl, KC1 and RbCl were due to an excess 
of the action of the Cl ion over the cation; and if the Ca ion served 
to counteract the effects of the Cl ion, we should expect that 
through the addition of Ca the toxicity of KC1 and RbCl would be 
raised at least in the same proportion as that of NaCl or LiCl; 
while in reality it can only be increased to + or + of that proportion. 
This means that the assumption that the toxicity of these salts 
is determined by an (incomplete) antagonism between the oppo- 
sitely charged ions, the Cl ion being the toxic ion, is wrong or inade- 
quate. 
III. 
While there may be uncertainty as regards the question whether 
in the case of a toxic concentration of NaCl the toxicity is due to 
the Naf or to the Cl- ion or to the molecule, Ohere is less uncer- 
tainty in the case of CaC& and the other chlorides of t,he alkaline 
earth metals. In their case the toxicity must be due to the 
cation or to the molecule on the basis of the following consideration. 
The toxic concentra.tion of CaClz is between & and 25 M. Since 
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this is less than half the toxic concentration of NaCI, KCl, or RbCI, 
and since the toxicity of these latter salts is diminished or anni- 
hilated through the addition of Ca, it is impossible to ascribe the 
high toxicity of CaC12 to anything but the cation or the molecule, 
even if we were willing to admit that the toxicity of NaCl were 
due to the Cl ion. 
A similar reasoning holds for MgC12, SrC&, and BaC&. The 
toxic concentration of MgC& is $3 M. We shall see later that even 
a ‘,“- M NaCl solution can be antagonized by the addition of 4 cc. 
y MgCh, and we are certain that the antagonistic action in this 
case is due to the Mg. Hence, if we find that a pure 6% M solution 
of MgC12, is already toxic, we can say that any toxic effect the Cl 
ions might have in this solution would be more than compensated 
by the Mg ions present (if we assume temporarily that the two 
ions are mutually antagonistic). Hence the toxicity of a g M 
MgClz solution cannot be due to the Cl ion, but must be due to 
the Mg ion or the MgClz molecule. A similar reasoning applies to 
SrClz and BaC12. 
These salts with a bivalent cation furnish us, therefore, with a 
safer basis for t.he investigation of the question whether the antag- 
onism between two salts exists necessarily between two ions of 
opposite charge than do the salts with a monovalent cation, like 
NaCl, where we cannot tell with certainty which of the two ions is 
the toxic one. If the antagonism between two salts were neces- 
sarily due to an antagonism between oppositely charged ions and 
if the antagonistic salt action foIlowed exclusively the laws of the 
precipitation of colloids, we should expect that where the cation is 
the toxic agent it should be more efficiently antagonized by a salt 
with a polyvalent anion than with a monovalent anion, since the 
precipitating efficiency of ions upon colloids increases rapidly with 
the valency of the ion. If, therefore, the toxicity of a pure $j M 
solution of MgClz is due to the Mg ion, it should be easier to antag- 
onize this solution with sodium sulphate or sodium citrate than 
with sodium chloride. The experiments of Table IV show, how- 
ever, that there is hardly any difference between the antagonistic 
effect of these three salts. The method of procedure is as follows: 
The toxic concentration of MgCI, used was a & M solution in which 
the newly fertilized eggs of Fundulus can, as a rule, no longer 
develop. As ant.agonistic salts, sodium chloride, sodium acetate, 
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sodium sulphate, and sodium citrate were used. The & M MgClz 
solution was made up with the antagonistic salt solution (instead 
of with distilled water), so that the concentration of MgCl, was 
the same in each solution, namely, & M; while 50 cc. of this solu- 
tion contained varying quantities of the anbagonistic salt. 
TABLE IV. 
PERCEIFTAGE OP EGGS WHICH FORXIED EXBEYCJS IN 50 cc. $5 u 
MgClr CONTAINING IN ADDITION 
Am-‘GoWS’rlC SALT 0 IO.5/ 1.01 1.51 2.01 2.51 3.01 4.01 5.01 G.Oj 8.0~10.0~.0~15.0/20.0 
cc. OF ANTbGOX\IISTIC SALT 
y- N&l.. . 
r Na acetate.. . 
;- Na2S04.. . . . 
~q- Na citrate . . . . . 
The difference in the antagonistic action of these four salts 
observed in Table IV is within the limits of error and individual 
variation. This proves that the antagonization of the toxic effects 
of a cation is in this case not caused by an anion but by a cation or 
by the molecule. This fact has an important bearing on the 
writer’s former observation that a toxic concentration of NaCl 
could be antagonized by bivalent or polyvalent cations, but not 
by bivalent or polyvalent anions. This appeared at that time as 
an argument in favor of the idea that the toxic action of NaCl 
was due to the anion. We now find that in a case in which 
the t,oxic agent is surely not an anion, but either a cation (Mg) 
or a molecule, the same law prevails; namely, that the valency or 
nature of the anion has practically no influence upon the antago- 
nistic efficiency of a salt. We can, therefore, not use the inefficiency 
of anions in a, case of antagonistic salt action as an argument in 
favor of the assumption that the toxic agency in such a case must 
be an anion. If the antagonistic action of the sodium salts against 
MgClz was not due to the anion, it must have been due to the cation, 
namely, Na, or to the molecule. 
We can show that the toxic limit of a MgClz solution can be raised 
by other chlorides much more efficiently than by NaCl. We have 
seen that in a f+ M solution of MgClz as a rule the newly fertilized 
egg of Fzcnrhlti~i; does not live long enough to form an embryo. The 
Jacques Loeb 439 
question presented itself: By which type of salts can we raise the 
toxic limit of MgClz more effectively, by Na salts with polyvalent 
anions, or by chlorides of different metals? The experiments 
showed that the latter was the case. 
Newly fertilized eggs of Fundulus were put into solutions each 
containing 50 cc. 2, $+, and @ M MgC& containing varying 
amounts of sodium citrate or of KU. It was found that the addi- 
tion of sodium citrate did not allow the eggs to develop in a MgClz 
solution above +$j M, while with the addition of KC1 some eggs 
could still develop in 4% M MgC&. 
TABLE V. 
Percentage of embryos formed in 60 cc. MgCls in which were contained varying 
quantities of KC1 or of sodium citrate. 
The slight antagonistic effect of sodium citrate in Table V 
was due t,o the Na ion and not to the citrate ion, since we have seen 
in Table IV that NaCl acts in the same way. It would be of the 
greatest theoretical importance to find other cases in which a cation 
is both the toxic as well as the antagonistic agent. It would de- 
prive us of the excuse for arguing that because Ca antagonizes 
NaCI, the toxicity of the latter must be due to the anion. This 
proof will be given in the next section. 
IV. 
In one of his earliest papers on salt action, the writer had already 
shown that a toxic solution of CaClz could be antagonized by KC1 
and NH&l, but not by NaCl and LiCI. Since we now are certain 
that the toxicity of CaClz is not due to the anion but to the cation, 
the question whether cations can antagonize the toxic action of 
other cat,ions became of interest. For this reason, experiments 
like those of Table V were carried on with toxic solutions of MgCk, 
CaC&, SrC&, and BaC&. It was found that a & x solution of 
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MgCI, could be antagonized by NaCl, KCl, RbCI, CsCI, and 
NH&l, but not by LiCl; CaClz could be antagonized by KCl, 
RbCl, CsCl, and NH&I, but not by LiCl and NaCl; SrClz could be 
antagonized by NaCl, KCl, and RbCI, but not by LiCl; and BaClz 
by LiCl, NaCI, KCl, RbCl, CsCI, and NH&l. The results are 
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PERCENT*CIE OF EGGS IWBMINGI EMBRYOI IN 50 cc. & I B&l* 
c!O**ItiINQ IN .4DDITIcm 
A*‘4GOtixWIC BALT 
0 / 0.5 1 1.0 I 2.0 I 4.0 I6.Occ.21~ 
*NT*GoNI*TIc **m 
_ -- 
LiCl . . . . . . . . . . . 0, gyi z2/ 
N&l. . . . _ . _ _ . . _ 0 
*; -0 
I 01 8, 9 
KC1 . . . . . . . . . . . . . 1 
RbCl. . . . . . . . . . . 
CsCl . . . . . . . . . . . 
/ 9 / g ( ;; ! ;i j 
I I 
NHJX . . . . . . . . . 
I_. 36 .I- !Y” I F7-- 5 O 
The very powerful action of NH&l against BaC& was confirmed 
in other experiments. They suggest a specific action of the various 
salts. 
In view of these results it is no longer surprising that we should 
also find some antagonism between two salts with bivalent cations 
and the same anion. Such observations would remain a riddle 
if we considered antagonistic salt action as necessarily due to 
oppositely charged ions. It is diEcult to show that the toxic 
action of CaCh is antagonized as well by KC1 as by potassium 
citrate or sulphate, on account of the precipitate formed. The 
experiments with MgClz given in Table IV, however, serve this 
purpose. 
V. 
The results of this paper harmonize with the conclusions at 
which the writer arrived in his more recent studies on the 
same subject.!j If it is true that the injurious action of a 
single salt in a sufficiently high concentration consists in an 
alteration of the membrane. the antagonistic salt action con- 
sists in a diminution or prevention of that alteration. In a 
mixture of NaCl + KC1 and CaCl2 in the right concentration 
the membrane lasts the longest and we may understand that the 
egg can resist a higher concentration of a mixture of NaCl + CaC& 
than of KC1 + CaCh or RbCl + CaCh or of LiCl + CaCL, 
for the simple reason that NaCl + CaCl2, in the proportion of 
50 cc. NaCl to 1 cc. or less CaCl2, comes nearer the optimal mix- 
8 Biochem. Zeitschr., lxvi, p. 270, 1914. 
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ture NaCl + CaClz + KC1 in t’hat proportion in which these salts 
exist in the sea water, than any ot.her combination of two salts in 
the same proportion. 
On the basis of this argument we should expect that CaClz 
is able to antagonize a higher concentration of NaCl than eit,her 
MgC12 or SrClz or BaC&. Experiments made to establish the 
highest concentration of the combination of NaCl with the chlo- 
rides of Mg, Ca, Sr, and Ba, in which newly fertilized eggs are 
able to form an embryo gave the following result. 
Highest concentration of NaCl solutions in which the newly fertilized eggs oj 
Fundulus can still form an embryo. 
50 cc. ‘8 M NaCl + 4 cc. -y-MgC12 
50 cc. lx”- M NaCl + 1 cc. -y- CaClz 
50 cc. -I?- M NaCl + 1 cc. -y- SrClz 
50 cc. g xs NaCl + 1 cc. -y- BaC12 
The difference is striking and easily understood on the assump- 
tion that the combination NaCl + CaCb is a nearer approach to 
the mixture NaCl + KC1 + CaClz than any of the other com- 
binations mentioned in the table. 
The question may then be asked: Why can we substitute even 
to some extent Mg or Sr or Ba (or Pb and Zn) for Ca? The 
answer must be that all these metals must have one property 
in common with Ca, which is of importance for the preservation 
of the membrane, and this property may well be the formation of a 
membrane of precipitation at the surface of the egg, as Traube’s 
theory would demand. It is very likely that the same membrane- 
forming substance of the cell which is precipitated by Ca is also 
precipitated by Mg, Sr, Ba, and other bivalent metals. That 
these metals are not as satisfactory as CaClz may be due to the 
fact that the calcium precipitate has certain physical properties 
which are not shared by the precipitates with other metals. 
The writer had called attention to the fact that the difference 
in the action of Na, K, and Ca upon the absorption of water in 
muscle resembled the influence of the same ions on the absorption 
of water by soaps;” and Hansteen CrannerlO has shown that, the 
9 Loeb: Arch. j. d. yes. Physiol., lxxv, p. 303, 1899. 
lo Jahrbkher j. wissensch. Botanilc, liii, p. 536, 1914. 
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same difference exists for the absorption of water by the roots of 
plants as well as by the isolated membranes of plant cells. Ca 
forms solid soaps, and Robertson has pointed out that the fact 
that so lit.tle Ca is needed for its antagonistic action harmonizes 
with the assumption that its action depends upon the formation 
of a precipitate.ll 
A complete theory of antagonistic salt action may also have to 
consider the fact that the cell walls consist of more than one chemi- 
cal compound. As far as plant cells are concerned we know that 
this is true, since they contain aside from cellulose and pectine sub- 
stances also fatty acids (not lecithin), as Hansteen CrannerlZ has 
recently shown. 
The experiments of Beutner and the writer on the origin of 
electrical phenomena in animals have also led to the conclusion that 
the surface of the cell contains higher fatty acids or other water- 
immiscible substances.13 The bulk of the cell wall must be of a 
different chemical character. The fact that the importance of 
the membrane of animal celis has so long been underest,imated 
has left a gap in our knowledge of this organ, and this prevents us 
from formulating a complete theory of antagonistic salt action. 
Whatever this theory may be in detail, we may be sure that the 
facts of antagonistic salt action cannot be expressed by the assump- 
tion that it is based upon the action of oppositely charged ions. 
SUMMARY. 
1. The main object of this paper is an invest,igation of the ques- 
tion whether antagonistic salt action is based on an antagonism 
between oppositely charged ions. It is shown that this assump- 
tion leads to difficulties if applied to the antagonization of a t.oxic 
salt with a monovalent cation by a salt with a bivalent cation. 
2. It is shown that for the toxic concentrations of MgCL, CaC&, 
SrC12, and BaClz the cation is the toxic agency; and that, never- 
theless, the efficiency of their antagonist,s is determined by t,he 
cation and not by the anion. 
11 ‘l’. B. Robertson: Ergeb. d. Phylsiol., x, p. 216, 1910. 
1” Lot. cit. 
13 Loeb and Beutner: Riochem. Zeitschr., li, p. 258, 1913; lix, p. 195, 1914. 
